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SUMMARY
The paper examines the antiproliferative, antimicrobial and antioxidative effects of fir (Abies alba Mill.) honeydew honey from mountain region of Croatia (Gorski kotar) as a potential replacement for standard antibiotics and chemotherapeutic agents. Cell viability, annexin V assay and flow cytometry analysis served to analyse the antiproliferative effect on, apoptosis induction in and cell death of cancer cell lines: HeLa, MCF-7, SW620, CF-PAC-1, MIA PaCa-2 and normal diploid human fibroblasts (BJ). Antimicrobial activity was tested against Staphylococcus and Acinetobacter strains by agar well diffusion and microdilution assays. The DPPH˙ assay determined the radical scavenging activity, while mathematical models helped to evaluate the kinetic data of DPPH˙ inhibition. Antiproliferative effect on all tested cell lines and the prominent effect on normal diploid human fibroblasts (BJ), colorectal adenocarcinoma (SW620, metastatic) and breast epithelial adenocarcinoma (MCF-7, metastatic) was observable. The mechanisms of antiproliferative effect included accumulation of cells in the sub-G1 phase in all tested cells and induction of apoptosis in SW620 and MCF-7 cells predominantly. The antibacterial assays showed that antibiotic-resistant strains of both bacteria, including multi-resistant strain A. baumannii ATCC® BAA-1605™, were sensitive to all tested honey samples. Radical scavenging assay suggests that antioxidants present in the honey possess different radical suppressing abilities and that they react at different rates with radicals, thereby causing two steps of reaction. The results of the study indicate that Croatian fir honeydew honey has a therapeutic potential due to the strong biological activity and can serve to protect human health.
INTRODUCTION
Honey has served as a food and natural promoter of human health from ancient times even though its biological potential has not been understood completely. Nowadays, it is recognized as a worthy therapeutic agent due to its antimicrobial, anti-inflammatory, antioxidant and antitumour properties (1) (2) (3) (4) (5) . Floral sources and different geographical origin are responsible for different varieties of honey, and are also major contributors to their diverse biological effects (6) (7) (8) (9) (10) (11) . The main difference is, however, between two types of products known as nectar honey, which derives from nectars of different plants, and the honeydew honey, which bees produce from secretions of plants or excretions of plant-sucking insects found on plants (9, 12, 13) . Different kinds of aphid species like Cinara pectinatae Nördl., Todolachnus abieticola Choi., Mindarus abietinus Koch or Physokermes hemicryphus Dalm. can produce different kinds of honeydew honey (14) . One of the most appreciated sorts of honey, fir (Abies alba Mill.) honeydew honey, is produced in the mountain region of Gorski kotar in Croatia (14, 15) . Honey contains diverse biologically active compounds identified so far. Recent data have shown that mainly polyphenols such as chrysin, galangin, quercetin, kaempferol, acacetin, pinocembrin, pinobanksin, caffeic acid and apigenin possess potential biological activity (16, 17) . Various types of honey have promising biological properties and exert selective cytotoxicity, which is opposed to non-selective and cytotoxic effects observed for current chemotherapy agents (18) . Additionally, honey's antibacterial potential is gaining importance as the number of antibiotic-resistant bacteria is increasing constantly, posing a serious health threat. Especially dangerous are strains of bacteria that are highly resistant to antibiotics, namely methicillin-resistant Staphylococcus aureus (MRSA) or multidrug-resistant Acinetobacter baumannii. Therefore, discovery of alternative antibiotic therapeutic agents is an urgent matter. Furthermore, honeydew honey has higher mineral and vitamin content than the nectar honey. Such composition causes a darker colouring, indicating a generally better antioxidant property than lighter honey types (19) . Honey flavonoids are mainly responsible for its antioxidant characteristics along with phenolic acids, catalase, peroxidase, carotenoids and non-peroxidal components (20) .
In recent years there has been an increasing interest in the use of food rich in antioxidant components that may improve the general condition of patients and their immune status with chronic diseases and diseases that have no cure, i.e. inflammation and cancer (21) . Honey may present such food as it possesses positive biological properties even though the mechanism and magnitude of effects are still insufficiently investigated. As a contribution to better understanding of honey biological properties, the objective of this study is to investigate: (i) in vitro antiproliferative activity on five tumour cell lines and normal human fibroblasts, (ii) in vitro antimicrobial activity against drug-resistant bacteria A. baumannii and S. aureus, (iii) antioxidative activity against 2,2-diphenyl-1-picrylhydrazyl (DPPH˙) and (iv) kinetic analysis of DPPH˙ inhibition by mathematical models of fir (Abies alba Mill.) honeydew honey from different locations of the mountain region Gorski kotar (Croatia).
MATERIALS AND METHODS

The honeydew honey samples
The honey samples were purchased from Gorski d.o.o., Fužine, Croatia. They were obtained during summer 2014 from different geographic areas in the mountain region Gorski kotar (western part of Croatia) defined by Universal Transverse Mercator (UTM) system coordinates as follows: 45°17´59´´ N, 14°44´12´´ W (sample 1, location 1: Lič; Potkoš), 45°22´02´´ N, 14°43´10´´ W (sample 2, location 2: Crni lug; Lazac), 45°19´34´´ N, 14°42´16´´ W (sample 3, location 3: Fužine; Vrelo) and 45°25´16´´ N, 14°42´26´´ W (sample 4, location 4: Crni lug; Vrelo)) were stored at 4 °C in hermetically closed glass bottles until the analysis. The melisopalynological analysis followed the methods recommended by the International Commission for Bee Botany (now known as International Commission on Plant Pollinator Relations; ICPPR) (22) . Microscopic analysis for morphometry of pollen grains and honeydew elements such as mould hyphae, fungal spores, mycelium or unicellular algae was performed on a Hund H500 (Helmut Hund GmbH, Wetzlar, Germany) light microscope with attached digital camera (model Dino-Eye AM423U; Dino-Lite, AnMo Electronics Corp., Hsinchu, Taiwan) and coupled to an analysis system (DinoCapture 2.0 v. 1.4.9; Dino-Lite). Water content was determined by refractometry, measuring the refractive index, using standard model Abeé refractometer (Carl Zeiss, Jena, Germany) at 20 °C. Water content (%) was obtained from the Chataway table (23) . Electrical conductivity was measured in a solution of 20 g honey sample in low-conductivity water system at 20 °C using conductometer (HI-8733; Hanna Instruments, Woonsocket, RI, USA), while the ash content was calculated according to the results of electrical conductivity (24) .
For metal analysis, honey samples were digested by the Anton Paar Multiwave 3000 microwave system (Perkin Elmer Instruments, Waltham, MA, USA) equipped with pressurized vessels, using 5 mL of 65 % nitric acid (Suprapur, Merck, Darmstadt, Germany) per approx. 1 g of each sample, over a 20-minute operation cycle at 200 °C. The digested samples were then transferred to 25-mL volumetric flasks and ultrapure water (Siemens Water Technologies Corp, Warrendale, PA, USA) was added to the mark. The mass fractions of Na, K, Mg, Ca, Cu, Zn, Fe, Ni, Mn and Al were determined using the inductively coupled plasma optical emission spectroscopy (ICP-OES) Optima 8000 equipped with S10 autosampler (Perkin Elmer Instruments). Analytical blanks were prepared and run in the same way as the samples. The mass fractions of metals were determined using external standards, with standard solutions prepared in the same acid matrix. Standards for the instrument calibration were prepared on the basis of multielement certified standard solution for ICP (Perkin Elmer Instruments).
Antitumour activity assay
The ATCC (American Type Culture Collection, Manassas, VA, USA) human cell lines: HeLa (cervical carcinoma), SW620 (colorectal adenocarcinoma, metastatic), MCF-7 (breast epithelial adenocarcinoma, metastatic), MIA PaCa-2 (pancreatic carcinoma), CFPAC-1 (pancreatic adenocarcinoma, derived from metastatic liver) and BJ (normal diploid human fibroblasts) were cultured as monolayers and maintained in Dulbecco's modified Eagle medium (DMEM; Lonza, Verviers, Belgium) supplemented with 10 % foetal bovine serum (Gibco Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), 2 mM l-glutamine (Lonza), 100 U/mL penicillin and 100 mg/ mL streptomycin in a humified atmosphere with 5 % CO 2 at 37 °C and subcultured every 3-4 days using 0. 
Antibacterial activity assay
Antimicrobial effect of honey samples was determined using agar well diffusion and broth dilution methods. Susceptibility tests were made according to the European Committee for Antimicrobial Susceptibility Testing (EUCAST) guidelines (27) . Each honey sample was dissolved in MHB to prepare stock solutions of 0.8 g/mL. Furthermore, twofold serial dilutions in MHB were prepared from stock solutions of each honey sample to give final concentrations ranging from 0.0125 to 0.4 g/mL.
Agar well diffusion assay
For the agar well diffusion assay, bacterial cells from an exponential phase culture obtained from a single colony were spread onto the surface of Mueller-Hinton agar (MHA) plates (Difco) using sterile swab. The wells of 6 mm in diameter were then cut with sterile borer in the agar and filled with 50 μL of honey sample (concentration 0.8 g/mL). After overnight incubation at 37 °C, the plates were examined and antimicrobial activity was evaluated by measuring the diameter of the growth inhibition zone around the well. All tests were done in duplicate. For positive control, the vancomycin (5 µg; Sigma-Aldrich, Merck) and meropenem (10 μg; Sigma-Aldrich, Merck) discs were placed on the MHA with bacteria and after overnight incubation at (35±2) °C, the zone of inhibition was measured and interpreted per the EUCAST guidelines (27) . For vancomycin, the disc diffusion is considered unreliable and the zone diameter break point is not available. The zone diameter breakpoint for meropenem against Acinetobacter (resistance ≥15 mm, susceptibility ≤21 mm) was evaluated.
Microdilution assay
Minimum inhibitory (MIC) and minimum bactericidal concentrations (MBC) of the honey samples were determined using a standard microdilution technique in MHB. Series of twofold dilutions of honey samples in MHB were performed in sterile 96-well microtiter plates. A volume of 100 µL of each sample diluted in the concentration ranging from 0.025 to 0.8 g/mL was mixed with equal volume of bacterial suspension. Positive (broth and inoculum) and negative (simple broth) growth controls were prepared. The plates were incubated for 24 h at 37 °C and 120 rpm (Unimax 1010; Heidolph Instruments GmbH&CO. KG, Schwabach, Germany). MIC values were taken as the lowest concentration of honey sample (highest dilution) that produced no visible bacterial growth (no turbidity) compared to the control tubes after 24 h of incubation at 37 °C. MBC is measured by inoculating the broth used for MIC determinations onto blood agar and incubating further for 18-24 h. MBC was defined as the lowest concentration of honey sample that killed ≥99 % of bacteria instead of yielding negative subcultures on the solid medium. Vancomycin for Staphylococcus spp. and meropenem for A. baumannii strains served as positive controls of growth inhibition. The final antibiotic concentrations used in the assays ranged 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich, Merck, St. Louis, MO, USA) colorimetric assay. The percentage growth and IC 50 (concentration causing 50 % growth inhibition) values for honey samples were calculated as described previously (25, 26) .
Cell cycle analyses
A total of 1.5·10 5 cells/well was seeded in a six-well plate (Sarstedt, Newton, NC, USA). After 24 h, the cells were treated with the honey sample that had the most potent antiproliferative effect at IC 50 concentration and 5·IC 50 (BJ with sample 2 at 4.44 and 22.2 mg/mL, SW620 with sample 3 at 7.96 and 39.8 mg/mL and MCF-7 cells with sample 4 at 9.94 and 49.7 mg/ mL). Attached cells were trypsinized, combined with floating cells, washed with phosphate buffer solution (Gibco, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) and fixed with 70 % ethanol (Kemika, Zagreb, Croatia) after 24 and 48 h of incubation. The cells were stained and analysed with BD FACSCalibur™ flow cytometer (BD Biosciences, San Jose, MA, USA) as described in our previously paper (26) .
Annexin V assay
Detection and quantification of apoptotic cells at single cell level was performed using eBioscience™ Annexin V-FITC apoptosis detection kit (Thermo Fisher Scientific), according to the manufacturer's recommendations. Cells were seeded in Petri dishes (10 6 cells/plates), and treated with the most effective honey sample (lowest IC 50 value) and after 48 h were analysed with BD FACSCalibur (BD Biosciences) flow cytometer as described previously (26) .
Bacterial strains and preparation of bacterial suspension
The standard laboratory strains Staphylococcus aureus ATCC 25923, Acinetobacter baumannii (ATCC BAA-1605 and ATCC 19606), several clinical isolates (56781, 54531, 53154 and 771) as well as S. aureus, two methicillin-resistant S. aureus (MRSA) strains, S. epidermidis and one methicillin-resistant S. epidermidis (MRSE) strain from our culture collection were used in the study. Four clinical A. baumannii strains (56781, 54531, 53154 and 771) were kindly provided by Prof. Marina Bubonja Šonje from the Department of Clinical Microbiology, University Hospital Rijeka, Rijeka, Croatia. Bacteria were cultured at 37 °C for 24 h in Mueller-Hinton broth (MHB) (Oxoid, Hampshire, UK). The absorbance of the bacterial suspension was additionally estimated using a spectrophotometer (Eppendorf BioPhotometer, AG Eppendorf, Hamburg, Germany) at 550 nm, and number of bacterial cells was extrapolated from a standard growth curve. The viable bacterial count used in experiments was obtained by plating 10-fold dilutions onto blood agar (Biolife, Milano, Italy). After incubating the plates for 24 h at 37 °C, the number of bacteria was calculated as colony forming units (CFU)/mL. Starting inoculum for all experiments was approx. 1.5·10
6 CFU/mL. between 0.00004 and 0.032 mg/mL for both antibiotics. The results were interpreted following EUCAST recommendations (27) . The MIC breakpoint for vancomycin against S. aureus is when resistance is ≥-0.002 mg/mL and susceptibility ≤0.002 mg/mL, and for coagulase-negative staphylococci when resistance is ≥0.004 mg/mL and susceptibility ≤0.004 mg/mL. Meropenem breakpoint against A. baumannii is susceptible if its MIC is ≤0.002 mg/mL, and resistant if it is ≥0.008 mg/mL.
Radical scavenging activity and kinetic analysis
The radical scavenging activity of honey samples was determined using the DPPH˙ assay (Sigma-Aldrich Chemie, Merck, Taufkirchen, Germany) according to the procedure described by Piljac-Žegarac et al. (28) . All samples were dissolved in distilled water to obtain 5 % (m/V) solution. Then, 1 mL of each honey solution was mixed with 3 mL of 0.1 mmol/L methanolic DPPH˙ solution. The reduction of the DPPH˙ radical was determined by measuring the absorbance of the mixture at 515 nm using UV-VIS spectrophotometer (HACH DR/4000; HACH Company, Loveland, CO, USA) against methanol as blank and monitored at every minute (for kinetic analysis) during 60 min. The capability to scavenge the DPPH˙ radical was expressed as a percent of radical inhibition by samples and calculated according to the following equation: The kinetic data analysis of DPPH˙ inhibition was evaluated by seven mono-(Eqs. 3-5) and biphasic (Eqs. 6-9) mathematical models: Zero-order model:
Single first-order model: 
Statistical analysis
Descriptive statistical analyses as well as all other statistical calculations were performed using the commercial software Statistica v. 13.0 (30) at the p<0.05 level of significance. All assays, cell cycle analysis, annexin V and antibacterial analysis were performed at least in duplicate (antitumour activity assays were performed in quadruplicate in three individual experiments), and the results were expressed as the mean±stand-ard deviation. Statistical analysis of antibacterial activity was analysed by Kruskal-Wallis test and differences between sensitive and resistant strains by Student's t-test while cell cycle analysis and annexin V assay were analysed by one way ANO-VA test with post hoc comparison (Tukey's and Duncan's tests).
The goodness of fit of the tested mathematical models to the experimental data was evaluated by the coefficient of determination (R 2 ), the scaled root mean squared error (SRMSE; Eq. 10), and error of chi-square test (χ 2 error; Eq. 11): 
where A exp and A pred are experimental and predicted data respectively, A exp,i is the mean of all experimental data, and N number of measurements. Dependence of kinetic rate constants and the radical scavenger capacity (TEAC) were tested by a nonparametric correlation test (Kendall's Tau) and by multiple linear regression analysis.
RESULTS AND DISCUSSION
Results of honey sample analyses
Pollen grain and honey elements of all tested honey samples (1) (2) (3) (4) were assessed microscopically, with their ratio >3 confirming that all tested honey samples belonged to fir October-December 2018 | Vol. 56 | No. 4 honeydew honey (13, 22, 31) . Their water content was within the limits according to the Codex Alimentarius and to the EU Draft 96/0114 (CNS) (≤21 %) (24) , except for sample 1, which had a slightly higher percentage of water (21.5 %; Table 1 ). This can cause fermentation of honey during storage. Variation in the water content may be caused by various factors, such as harvesting season, the degree of maturity reached in the hive and environmental factors (32, 33 Other honey quality parameters are ash content and electrical conductivity, which depend on the mineral content of the honey and give inorganic residue and ionisable organic and inorganic substances, respectively (39) . The ash mass fraction is a useful parameter in determining botanical origin of honey and differentiating between nectar and honeydew honey, as values below 0.6 % are expected for nectar honey (40) (41) (42) . The ash content of our honey samples was in the range from 0.57 to 0.62 % ( Table 1) honey. Greater mineral content is characteristic for honeydew honey and the most abundant elements were K, Ca, Na, Mg, followed by Al, Fe, Mn, Cu, Zn and Ni. Metal content varies depending on geographical and botanical origin. The highest values of K are similar to some Malaysian honey types (trigona and tualang) and avocado honey from Spain. High concentrations of Ca, Na and Mg are also reported in other types of honey (49, 50) . Some metals present in the analysed samples play important roles in body functions, such as Fe, Mg, Zn and Mn, and the consumption of honeydew honey might have a direct benefit for humans.
Antiproliferative and antibacterial effect of fir honeydew honey samples
Results of antiproliferative assay of honey samples showed inhibitory effects on all tested cell lines, in a dose-dependent manner ( Table 2 shows IC 50 values). All four samples had an effect on BJ, HeLa, CFPAC-1 and MIA PaCa-2 cells at almost similar IC 50 .
For an additional analysis of cell cycle changes, two cancer cell lines (SW620 and MCF-7) along with normal BJ fibroblasts were chosen and treated with honey sample (at IC 50 ) for 24 and 48 h. Samples with the lowest IC 50 were chosen for additional analyses. BJ, SW620 and MCF-7 cell lines were treated with samples 2, 3 and 4, respectively, and changes in the cell cycle were monitored. Lower concentrations that correspond to IC 50 values had almost no effect on the cell cycle of cancer cell lines SW620 and MCF-7 after 24 and 48 h of incubation. Five times higher concentrations, on the other hand, caused significant changes, especially in the sub-G1 phase, indicative of cell death ( Table 3 ). An increased number of SW620 cells was in the sub-G1 phase (more than 18 %) after 48 h, while a 24 and 30 % increase of the same MCF-7 cells was observable after 24 and 48 h, respectively. Normal human fibroblasts (BJ) treated with a higher concentration of honey sample 2 (22.20 mg/mL) had the greatest increase (almost 30 %) in the number of cells in the sub-G1 phase after 24 h and over 50 % after 48 h. Concomitantly with the sub-G1 cell percentage increase, a decrease in G1 phase was observed in the MCF-7 cell line after 24 h with a consequent increase of cells in the S phase after 48 h of treatment. Higher concentration of honey sample 3 (39.8 mg/mL) caused uniform changes in SW620 cell cycle, affecting both G1 and S phases (increased cell number in G1 and decreased cell number in the S phase) after 24 and 48 h. The same phases were affected in BJ cells as well, where higher concentrations caused a decreased number of cells in the G1 phase after 48 h, while both tested concentrations caused increased number of cells in the S phase after 48 h. These results point to a uniform mechanism of action on the cell cycle of the tested cells, in particular induction of cell death, i.e. apoptosis. Activation of apoptosis was therefore additionally analysed in BJ, SW620 and MCF-7 cells after 48 h of treatment. Apoptosis was confirmed in all tumour cells treated with honey samples. Interestingly, honey sample 3 primarily increased the number of SW620 cells in early apoptosis (more than 30 %), while honey sample 4 treatment of MCF-7 brought about increase in early and late apoptosis for almost 20 %. Since BJ cells had the highest number of cells in the sub-G1 phase, it was interesting to observe that only a slight increase of cell number was measured in early and late apoptosis (5 and 1 % respectively), which is considerably lower than of cancer cell lines. Thus, it is possible that another mechanism of cell death occurs in these cells.
Moreover, our results showed that honey samples from Gorski kotar had antiproliferative properties on a panel of tumour cell lines and normal fibroblasts. The obtained IC 50 values in this study show a higher activity of tested honeydew honey samples than the honey reported in the literature. For example, Wen et al. (51) showed that gelam honey and nenas honey with IC 50 values 39.0 and 85.5 mg/mL, respectively, inhibited HT29 colon cancer cells. Similar research investigating synergistic effect of gelam honey and ginger on HTC 116 colorectal cancer cells showed that IC 50 value of gelam honey was 75 mg/mL (52) . In accordance with these data, our previous results for Satureja montana L. honey (26) also point to higher IC 50 values (28-45 mg/mL) than of honeydew honey tested in this study. Contrary to these results, Seyhan et al. (53) reported lower IC 50 values of tree-originating honey types (chestnut, pine and cedar), ranging from approx. 2.5-5 μg/mL, against different breast cancer cell lines (MCF-7, MDA-MB-231 and SKBR-3). Three samples with the lowest IC 50 values, samples 2, 3 and 4, were chosen for additional biological studies. The analysis of the cell cycle showed a marked increase in the number of cells in the sub-G1 phase, indicative of apoptosis. Activation of apoptosis was confirmed by annexin V test, which showed an increased number of SW620 cells primarily in early apoptosis, and increased early and late apoptotic MCF-7cell number after 48 h of treatment with samples 3 and 4, respectively. A number of other investigations also proposed apoptosis as a possible mechanism for observed Table 5) , regardless of their antibiotic resistance, were sensitive to all honey samples. Minimum inhibitory concentrations (MIC) against Staphylococccus strains were from 0.0125 to 0.025 g/mL, while for bactericidal effect (MBC) two times higher concentrations were needed, ranging from 0.025 to 0.05 g/mL. Concentrations from 0.025 to 0.05 g/mL were inhibitory against Acinetobacter strains, while concentrations from 0.05 to 0.1 g/mL achieved bactericidal effect. There were no significant differences between antibacterial activity of the tested honey samples against Staphylococcus and Acinetobacter. Interestingly, resistant Acinetobacter strains, including multiresistant strain A. baumannii ATCC BAA-1605, were significantly more sensitive to the MIC and MBC of the tested honey samples than the susceptible strains (p=0.002).
Results of well diffusion tests showed that all tested Staphylococcus strains were more sensitive than Acinetobacter strains to all honey samples with inhibition zones between 13 and 21 mm, while the inhibition zone of Acinetobacter strains varied between 7 and 14 mm (Fig. 1) . There were no significant sensitivity differences between the antibiotic-resistant and susceptible bacterial Staphylococcus and Acinetobacter strains to the tested honey samples. MIC/MBC=99 % of bacteriostatic and 99 % of bacterial killing effect MIC/MBC=99 % of bacteriostatic and 99 % of bacterial killing effect honey samples was tested against two Staphylococccus strains and multidrug-resistant A. baumannii (an aerobic, Gram(-) coccobacillus) isolates. All tested samples showed both cell growth inhibitory and bactericidal properties in a concentration-dependent manner. This characteristic of fir honeydew honey is of special importance if we take into consideration that multidrug resistance in nosocomial pathogens is continually evolving and represents an alarming problem in health care units. The scientific community generally agrees that novel or the existing reusable antibacterial agents are urgently needed for treatment of infections caused by multidrug-resistant A. baumannii, which has become an emerging problematic pathogen over the past 15 years. A. baumannii is resistant to almost all conventional antibiotics by a wide range of mechanisms and can survive for prolonged periods on the surfaces of instruments in hospital settings (61) . Fir honeydew honey has a potential as a natural candidate that might find application in the fight against A. baumannii infections. Indeed, to our knowledge this is the first report of honeydew honey antibacterial effect on A. baumannii isolates. Tested samples have also showed antibacterial properties against Staphylococcus strains. S. aureus is a major cause of wound infection throughout the world. These antibacterial properties might be used in different clinical situations. For example, manuka honey is used in modern wound healing formulations and has been shown to eradicate methicillin-resistant S. aureus (MRSA) from wounds. In vitro clinical isolates of methicillin-susceptible and methicillin-resistant staphylococci were shown to be equally susceptible to manuka honey (62) .
Antioxidant potential and kinetic analysis of fir honeydew honey samples
Radical scavenging assay was used to evaluate antioxidant potential of honeydew honey and determine constants of the kinetic process as well to explain the mechanisms controlling the antioxidant activity. Experimental data were fitted to seven mathematical models, three monophasic (Eqs. [3] [4] [5] and four biphasic (Eqs. [6] [7] [8] [9] . The kinetics of DPPH˙ disappearance in honey samples is shown in Fig. 2 , where experimental data for remaining DPPH˙ are plotted against the reaction time and presented together with the curves simulated by the best fit of all mathematical models. As can be seen, the kinetics of DPPH˙ disappearance can be considered to be the sum of two consecutive phases. At the beginning of the reaction, rapid exponential decay of DPPH˙ is observable (Fig. 2) , while later changes were slow and proportional to the time. The time of the rapid phase was determined by the first-order discontinuous biphasic model (Eq. 8) and also confirmed graphically according to the slope of the DPPH˙ disappearance curve.
The longest time of rapid reaction phase was obtained with honey sample 3 (2.5 min; Table 6 ), and the shortest with samples 1 and 4 (1.5 min). At the end of the rapid reaction phase, samples 1 and 4 depleted approx. 8.60 % of the initial DPPH˙ amount, while this percentage was evidently higher isolates from cancer patients and they found strong antibacterial activity of honey, and concluded that it could be used as alternative therapeutic agent against bacterial infections. Pérez Martin et al. (43) analysed the capacity of Spanish honeydew honey to inhibit Micrococcus luteus and S. aureus. Their results showed that a high percentage (77 %) of the honey samples inhibited the M. luteus growth, while only 41 % inhibition of S. aureus was observed. Sagdic et al. (58) evaluated the antimicrobial activity of Turkish honeydew honey using 12 bacteria and two yeasts. They found that the honey samples showed the highest antimicrobial activity against Escherichia coli O-157:H7, S. aureus and Listeria monocytogenes. On the contrary, Bacillus subtilis was the most resistant microorganism. Moreover, Adams et al. (59) report on the antibacterial activity of manuka honey which originates directly from the methylglyoxal. On the other hand, antibacterial bee defensin-1 has very recently been identified in honey-based product Revamil® and it contributes to the antibacterial activity of medical-grade honey (60) . It remains to be established whether methylglyoxal and antibacterial bee peptide are also present in other natural types of honey. Bactericidal activity of with sample 3 (28.49 %). Likewise, at the end of the reaction, the overall depleted DPPH˙ amount was considerably lower (27.99 %) in samples 1 and 4 than in sample 3 (47.74 %). Although the time of the first phase of DPPH˙ disappearance and antioxidant activity of samples 1 and 4 were almost identical, differences in their antioxidant activity at the end of reaction can be found ( (Table 6) .
Furthermore, in order to examine the possible impact of rate constants on the radical scavenging capacity of the honey samples, Kendall's Tau nonparametric analysis was done. Correlation analysis between TEAC values and rate constants obtained from the first-order double exponential model showed that the first phase of DPPH˙ disappearance in the experimental honey samples was positively influenced by k 1 (0.67), while the relation between TEAC and k 2 was also positive (0.33), but it was insignificant at p<0.05 level. In addition to the nonparametric test, multiple linear regression analysis was used, which simultaneously compares antiradical activity and rate constants (k 1 Nonparametric regression analysis showed that two groups of antioxidants affected DPPH˙ disappearance, but the multiple linear regression equation suggested that the antioxidants involved in the first phase of reaction predominantly influenced DPPH˙ disappearance in the experimental honey samples.
In this study we obtained similar results to those from our previous experiments including the analysis of kinetic reaction between DPPH˙ and antioxidants present in honey samples. We found that measured DPPH˙ disappearance in our in vitro model may be best described by biphasic kinetic models. All previous observations about biphasic DPPH˙ disappearance indicate that the scavenging process might be governed (67) attributed the observed DPPH˙ behaviour to the presence of antioxidant compounds in the food matrix that have functional groups capable of both fast and slow atom hydrogen donation. Biphasic DPPH˙ behaviour was also observed in our previous study of biological effects of Satureja montana L. honey (26) , where DPPH˙ initially exerted a fast radical loss rate slowing down after 3 min. Likewise, research done by Terpinc et al. (68) on the kinetics of DPPH˙ disappearance in rosemary extracts also showed a biphasic DPPH˙ pattern, in which the DPPH˙ initially had a rapid rate of loss and was slower after 10 min. Thus, compounds exhibiting rapid and slow antiradical kinetics possess different radical inhibition abilities and they react at different rates with radicals in a two-phase reaction. The overall reaction rate is therefore characterised by two rate constants, k 1 and k 2 , which represent the rate of fast and slow DPPH˙ disappearance. Assuming that during their action all present antioxidants react with the DPPH˙, constants k 1 and k 2 can represent the rate of antioxidant disappearance. Therefore, it can be concluded that the amount of disappeared DPPH˙ was equal to the capacity of the fast and slow kinetics components to scavenge radicals. The observed range of antiradical capacity, expressed as Trolox equivalents, of honey samples in our study, from 0.52 (sample 4) to 1.01 (sample 3) mmol/kg honey, is similar to asphodel honey (Asphodelus microcarpus Salzm. et Viv., 0.7 mmol/kg) (69), Dalmatian sage honey (0.2-0.9 mmol/kg) (70), heather honey (0.6 mmol/kg) (71) and Polish fir honeydew honey (1.1 mmol/kg) (37) . However, in the literature higher values were found for the Salix spp. honeydew honey collected in different areas of central-east Croatia (3.0 mmol/kg) (48), Serbian pine honeydew honey (5.06 mmol/kg) (72) and oak honeydew honey, (4.5 and 5.1 mmol/kg) (73) . The reason for this difference in TEAC values was noticeably lower amount of honeydew elements in the sample sediments of these honeydew honey compared to our samples.
CONCLUSION
In conclusion, the 'in vitro assay' used in the present study shows that honeydew honey has a strong antitumour and antibacterial activity, as well as a high antiradical potential. It has a remarkable capacity to inhibit tumour cell growth in significantly lower concentrations than other honey samples described in the literature, attributable to the induction of apoptosis, as well as antibacterial properties against multidrug-resistant bacteria. All these valuable biological properties point to this product as a worthy source for development of medical compounds, and further detailed characterisation and mechanistic studies are required.
